Aims. Cool, evolved stars have copious, enriched winds. Observations have so far not fully constrained models for the shaping and acceleration of these winds. We need to understand the dynamics better, from the pulsating stellar surface to ∼10 stellar radii, where radiation pressure on dust is fully effective. Asymmetric nebulae around some red supergiants imply the action of additional forces. Methods. We retrieved ALMA Science Verification data providing images of sub-mm line and continuum emission from VY CMa. This enables us to locate water masers with milli-arcsec accuracy and to resolve the dusty continuum. Results. The 658, 321, and 325 GHz masers lie in irregular, thick shells at increasing distances from the centre of expansion. For the first time this is confirmed as the stellar position, coinciding with a compact peak offset to the NW of the brightest continuum emission. The maser shells overlap but avoid each other on scales of up to 10 au. Their distribution is broadly consistent with excitation models but the conditions and kinematics are complicated by wind collisions, clumping, and asymmetries.
Introduction
Massive stars have a profound impact on their surroundings via their material and energy output. Observations support the importance of radiation pressure on dust in driving the stellar wind, as reviewed by Habing (1996) and confirmed for red supergiants (RSG) by Mauron & Josselin (2011) . There are a variety of models for mass transport from the stellar surface to the dust formation zone at 5-10 stellar radii (R ⋆ ), based on combinations of convection (Chiavassa et al. 2011) , wind levitation by pulsation and dust formation (Bowen 1988; Ireland & Scholz 2006) , for example, including scattering as well as absorption (Bladh et al. 2013) . Acoustic and magnetic forces were analysed by Hartmann & MacGregor (1980) . However, observations do not yet confirm any of these as the dominant force. Oxygenrich grain formation models have difficulty in explaining dustdriven winds (Woitke 2006) , which can possibly be solved by the detection of large dust grains at a few R ⋆ (Norris et al. 2012) and the complexity of the gas and dust distribution close to the photosphere (Wittkowski et al. 2007 ). Moreover, most investigations have focused on low-mass stars, which have a different internal structure, and despite their high mass-loss rates, RSG have irregular, often shallow periods (http://cdsarc.u-strasbg.fr/cgibin/afoevList?cma/vy).
We investigated mass loss from VY CMa, one of the largest RSG, progenitor mass ∼25 M ⊙ , R ⋆ ) 5.7 mas at 2µm (Wittkowski et al. 2012) , at 1.2±0.1 kpc, Choi et al. 2008; Zhang et al. 2012) . It has had a high and variable mass-loss rate, 0.5-1×10
−4 M ⊙ yr −1 in its recent past , up to 3×10 −3 M ⊙ yr −1 (Humphreys et al. 2007 ). This provides the richest-known Orich circumstellar envelope (CSE) chemistry, as seen at sub-mm ⋆ e-mail: amsr@jb.man.ac.uk wavelengths by Herschel (Alcolea et al. 2013) , for instance, and imaged at ∼1" resolution using the SMA .
VY CMa has a highly asymmetric nebula that extends over a few arcsec and is shaped like a lopsided heart, irregular and clumpy on all scales (Humphreys et al. 2007 ). VLA and SMA observations at 8.4-355 GHz show an unresolved central ellipse, dominated by emission from dust, (e.g. Lipscy et al. 2005; . Strong OH, SiO, and 22-GHz H 2 O masers have been imaged by many authors but, hitherto, there has been no astrometric confirmation that the star lies at the centre of expansion. The 22-GHz H 2 O masers are located in a thick shell of radii 75-440 mas, with Doppler and proper motions dominated by accelerating outflow (Richards et al. 1998 ).
Their maximum expansion velocity is 35.5 km s −1 relative to the stellar velocity V ⋆ of 22 km s −1 (all velocities are with respect to the local standard of rest, LSR).
Models (Gray 2012 and references therein; Daniel & Cernicharo 2013) predict that the 321.22564 GHz J Ka,Kc 10 2,9 -9 3,6 , and possibly the 325.15292 GHz 5 1,5 -4 2,2 H 2 O maser lines can emanate from conditions found at both sides of the dust formation zone. Maser emission at 321 GHz needs hotter gas than at 22 GHz, whilst lower temperatures and number densities favour 325 GHz. This has been confirmed by imaging in Cepheus A (Patel et al. 2007 ), but only the 22 GHz transition has ever been resolved in a CSE. The 658.00655 GHz v 2 = 1, 1 1,0 -1 0,1 GHz maser is expected to occur very close to the star under conditions similar to SiO masers (Hunter et al. 2007 ). More details of these transitions are given in Table A.1. We present ALMA observations that test these predictions and, for the first time, resolve sub-mm masers, thermal lines, and continuum.
Data acquisition and reduction
We obtained public ALMA Science Verification data for VY CMa observed on 2013 16-19 August using 16-20 12 m antennas on baselines from 0.014-2.7 km. Three scheduling blocks (SB), covering each of the maser lines, are referred to as the 321-GHz, 325-GHz and 658-GHz SBs. The velocity resolution after Hanning smoothing is 0.45 km s −1 at 321 and 658 GHz, and 0.9 km s −1 at 325 GHz. More details of observations and data reduction are given in Appendix B. The fully calibrated line-free channels were imaged using a synthesized beam of (0 ′′ . 22×0 ′′ . 13) at 321 and 325 GHz, and (0 ′′ . 11×0 ′′ . 06) at 658 GHz. After subtracting the continuum, the masers were imaged using beam sizes of (0 ′′ . 18×0 ′′ . 09) and (0 ′′ . 088×0 ′′ . 044) at 321/325 and 658 GHz. We measured the positions of the masers and continuum peaks by fitting Gaussian components using the aips task sad, see Appendix B.
VY CMa continuum and maser morphology
Before self-calibration, the positions measured by Gaussian fits to the 321 and 325 GHz peaks wandered by up to 35 mas, but at 658 GHz there were offsets of up to 100 mas, mainly due to differences between atmospheric conditions towards VY CMa and the phase reference source (see Appendix B). The 321 GHz data, with the best atmospheric transmission and sensitivity, were used for astrometry and for continuum analysis around this frequency. The continuum at all frequencies has a similar J shape, with a bright extended peak C, a secondary, compact peak VY , and several other peaks. Shifts of (-2, 0) and (-87, 27 ) mas were applied at 325 and 658 GHz, respectively, to align VY with its 321 GHz position, which brought the other bright features into good positional agreement (Fig. 1) . The maximum detectable angular extent in R.A. and Dec. is 1 ′′ . 2×1 ′′ . 6 above the 3σ rms contour at 321 GHz. The 321 GHz position of VY is R.A. 07 22 58.3226 Dec. -25 46 03.043 (J2000), with 35 mas uncertainty dominated by errors in transferring phase corrections from the reference source. VY is 328±1 mas from C at PA -33
• . Using a matching beam size 160×64 mas 2 , C and VY had peak flux densities of 133.9 and 71.7 (σ rms 0.9) mJy beam −1 at 321 GHz and of 474 and 296 (σ rms 4) mJy beam −1 at 658 GHz. The continuum emission is analysed further by O'Gorman et al. (2014) .
The total velocity extents of the H 2 O lines are (-11.9 to 49.2), (-16.8 to 75.1) and (-3.0 to 67.7) km s −1 at 321, 325, and 658 GHz. Figure 2 shows that the 325 GHz maser spectrum has the largest velocity extent and shows multiple strong peaks (similar to 22 GHz), whilst the 321 and 658 GHz spectra are dominated by single peaks, close to V ⋆ at 321 GHz, but 2 km s −1 more blue-shifted at 658 GHz. Both these lines have a blue shoulder. The 325 and 658 GHz masers have a long red tail.
We estimated the brightness temperature T b of each spatial component from its measured flux density S (Appendix B) and the beam size, that is, T b ≥756S at 321 and 325 GHz, and T b ≥3162S at 658 GHz. These give ranges of (11-3.2×10 Figures 3 and 4 show that the masers are clumped into spatially close groups at similar velocities. Much of the 321 and 658 GHz emission is concentrated in bright streamers with clear velocity gradients, for example in Fig. 4 (insert) , where the long arc traces a continuum 'valley' between C and VY. The 325 GHz masers are more evenly distributed. There is more extended emission to the east of VY in all lines and brighter submm masers to the south. The 321 GHz masers form a ring around VY; the other lines have more blue-or red-shifted emission along the line of sight to VY . We estimated the centre of expansion of each line as in , by maximising the separation between masers at close to V ⋆ , giving positions very close to VY. Figure 6 shows the angular separation of each component from VY, which appears to be located in a maser-free sphere. Figures 6 and 5 show that the 658, 321, and 325 GHz maser inner rims are at successively larger distances from the star, whilst the outer rims are at ∼ 200, 500, and 600 mas.
Discussion
VY coincides with the maser centre of expansion and is almost certainly the location of the star. This was suspected ), but never before resolved as a distinct continuum peak. Our position (Sect. 3) agrees within the uncertainties with the centre of expansion of SiO and 22 GHz H 2 O masers (Zhang et al. 2012; Choi et al. 2008 ). Exponential maser amplification exaggerates small differences in conditions, so single-epoch data are interpreted with caution. The 658 GHz masers have a complex distribution close to the star, but mostly outside the typical SiO outer rim, taken from Richter et al. (2013) , as shown in Fig. 6 (although found a more extended bipolar outflow). The asymmetric emission at large angular separations and expansion velocities (Fig. 6 ) is inconsistent with a simple velocity-radius relationship. The inner 658 GHz masers arise in the pulsationdominated region, but straddle the dust formation zone identified by and indicated by the 22 GHz inner radius.
The patchy ring of bright 321 and 325 GHz masers within ∼10 km s −1 of V ⋆ (Fig. 3) is typical of tangential beaming from a radially accelerating shell. The 321 GHz masers are undetectable towards the star, suggesting that they trace particularly strongly accelerated gas. The red-and blue-shifted emission at large angular separations suggests additional, complex motions. The brightest 325 GHz masers occur at velocities close to V ⋆ , seen in Fig. 7 , but asymmetries are seen in the south and east offsets of the moderately blue-and red-shifted peaks. Figures 3 and 4 suggest that the masers, especially at 658 GHz, trace shocks where the stellar wind encounters continuum peak C. Elongated, bright maser features characteristic of shocks, seen at up to ∼150 mas from the star, could be associated with dust formation (Bladh et al. 2013) 
We grouped the maser components into features and attempted to cross-match the clumps of different transitions, but found no significant associations, so co-propagation of these sub-mm masers seems unlikely. A comparison with 22 GHz was not made because of the difference in epochs; around similar evolved stars these are concentrated in clumps with a filling factor < ∼ 1%, containing 30-90% of the total mass loss in this region , embedded in less dense gas.
The lines studied arise from distinct, although overlapping zones, and are segregated on scales of a few tens of au. All are thought to be collisionally pumped (Yates et al. 1997) . Figure 8 compares the physical conditions required for masing of the three vibrational ground-state lines using an excitation model similar to that described by upated as detailed in Appendix C. The conditions in the VY CMa CSE lie around the locus from top right (near the star) to bottom left, but with a variation of up to ×70 in number density and ×0.7 in temperature in denser clumps or compressed material. The contours mark the negative optical depths in the direction of the velocity gradient for unsaturated masers; the optical depths in other directions may greatly exceed the values shown here (optical depths of 22 GHz masers have been estimated at up to ∼13 in RSG S Per, Richards et al. 2011 ). The 321 GHz gain drops rapidly below 1000 K, whilst the 22 and 325 GHz masers extend to cooler temperatures. The 325 GHz maser is collisionally quenched at lower densities than the 22 GHz and 321 GHz transitions.
The models of Humphreys et al. (2001) predicted a comparable radial range for 22 and 325 GHz masers around low-mass stars, the latter being favoured in cooler, more rarefied conditions, possibly in a two-phase medium. These predictions agree well with the observed inner radii at succesively higher distances from the star at 321, 22, and 325 GHz, if the inner radii of 321 and 325 GHz masers are determined by conditions in the interclump gas surrounding the 22 GHz clouds. Not yet published models (Gray) require temperatures >1500 K and H 2 number densities ∼ 6×10 9 cm −3 for 658 GHz masers, likely to be found in the inner parts of its observed distribution, but the more extended emission is surprising. The excitation of 321 GHz masers at 500 mas (600 au) from the star is also puzzling since typical temperatures of 250 K ) are too low, so local heating might be important.
Summary
These ALMA observations have identified the centre of expansion of high-excitation masers with a distinct continuum peak, VY CMa itself, 360 au NW of the brightest sub-mm dust emission. The 658, 321, and 325 GHz masers are found at increasing distances from the star as predicted, but reach unexpectedly large separations. The high-excitation 658 and possibly 321 GHz masers cross the dust formation zone and some emission appears to emanate from shocked regions surrounding the star and tracing the limbs of C; interaction with the uniquely complex dust distribution is undoubtedly significant. The different transitions form clumps that do not overlap even when found at similar separations from VY. The velocities are generally consistent with expansion but deviate drastically and irregularly from spherical symmetry. We will compare the maser kinematics with models of a flared disc plus bipolar outflow ) and ejection along less symmetric arcs as described by Humphreys et al. (2007) . These observations provide the first opportunity to test sub-mm maser models rigorously, to be followed-up in future papers along with an analysis of the kinematics, thermal lines, and dust. References. C69 Cheung et al. (1969) ; M90 Menten et al. (1990) ; M91 Menten & Melnick (1991) ; M95 Menten & Young (1995) . Appendix A: Water maser lines Table A .1 gives some properties of the sub-mm maser lines resolved by ALMA and the well-known 22 GHz maser.
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The shortest baseline was 14 m, and inspection of the visibility amplitudes against baseline length shows that the flux density remains quite steady out to 70 m at 658 GHz and 170 m at 321-325 GHz, suggesting that we recover all the flux on scales < 6" or < 13" at the higher or lower frequencies. We compared the total continuum flux densities with literature values (Fu et al 2012; . All the measurements using ∼ 1 ′′ aperture lie close to a spectral index of 2.2 ± 0.2. Those taken using a larger aperture, such as at 658-GHz from and by Knapp & Woodhams (1993) using the JCMT (effective aparture ∼ 18"), are higher, for instance 0.62 ± 0.04 Jy at 240 GHz, 2.18 ± 0.24 Jy at 353 GHz and 9.7 ± 1.5 Jy at 677 GHz. This suggests that there is an extended component of dust on scales larger than we sampled.
The continuum was subtracted from each data set and partial uniform weighting (Briggs weighting with robust=0.5 as defined by casa) was used to image the masers, giving beam sizes of (0 ′′ . 18×0 ′′ . 09) and (0 ′′ . 088×0 ′′ . 044) at 321/325 and 658 GHz, respectively. No spectral averaging was applied, so the measurements for each maser channel are not completely independent as a result of the Hanning smoothing in the correlator. All image extents were ≤80% of the primary beam, so no primary beam correction was applied. We measured the positions of the masers and continuum peaks by fitting two-dimensional Gaussian components using the aips task sad. We did not attempt to resolve the individual components since the smallest beam size ∼ 50 mas is much larger than the probable maser beamed size, although this might be possible for the brightest masers. Thus all flux densities are measured over the restoring beam. The relative position uncertainties are given by (beam size)/S/N (for fairly sparse uv coverage in narrow channels (Condon et al. 1998; Richards 1997) . We selected components >3σ rms at 321 and 325 GHz or >4σ rms at 658 GHz (where σ rms was measured separately off-source for each channel) and rejected those that obviously coincided with sidelobes. We rejected components that did not form series of at least three in successive channels, within the maximum position uncertainty.
The total flux in fitted maser components at 321, 325, and 658 GHz is 95%, 65%, and 76% of the integrated map flux density for each SB. However, the fraction of flux recovered in components is no higher for channels containing peaks >100 Jy, implying that the main loss is due to deconvolution errors putting power into sidelobes, since the 325 and 658 GHz masers are more affected by atmospheric conditions. The component selection method avoids locating spurious positions, at the expense of loss of peak flux. We grouped the maser components into features comprising series of components in successive channels within the position errors, as in , and attempted to cross-match the clumps of different transitions but found no significant associations. In each case, 5-10% of features have pairs within 50 mas, 2 km s −1 , but applying a 50 mas shift to one data set produces a similar number of pairs, so this seems like random coincidence. Figure 8 compares the physical conditions needed to excite the observed maser transitions (at 22 GHz and 321 and 325 GHz) within the ground-vibrational state. Here, we present results obtained with an excitation model that included the combined effects of collisional excitation by H 2 , spontaneous radiative decay, and radiative trapping of infrared transitions. We adopted the latest quantal rate coefficients (Daniel et al. 2011 ) for collisionally induced transitions amongst the lowest 45 rotational states of ortho-and para-H 2 O, together with an extrapolation (Neufeld 2010) to the next 75 rotational states. We treated the effects of radiative trapping with the use of an escape probability method and the assumption of a steep velocity gradient in a single direction (e.g. . The results plotted here are for an effective water column density, N(H 2 O) = n(H 2 O)/(dv/dz) of 10 17 cm −2 per km s −1 ; based upon the density and velocity profiles obtained for VY CMa by , this value is appropriate for the general outflow at distances in the range 150 to 750 au, corresponding to angular offsets of 125 to 625 mas (the region within which most of the maser spots are located). The plotted contours show, as a function of temperature and H 2 density, the negative optical depths predicted in the direction of the velocity gradient. These optical depths were computed in the unsaturated limit, where the population inversion is assumed to be undiminished by the effects of stimulated emission.
Appendix C: Maser modelling
The contours labelled zero mark the boundary of the region within which the level populations are inverted. That region covers a broad range of densities and temperatures for all three transitions considered, although the 321 GHz maser gain drops rapidly below ∼ 1000 K, as expected given its relatively high upper state energy. Similar calculations, not presented here, for the 658 GHz transition show a similar behaviour; this transition, too, shows a significant maser gain only at high temperature. Clearly, in the limit of high density, the population inversion for any transition inevitably disappears as the level populations approach LTE. However, the quenching density above which the population inversion vanishes varies from transition to transition and is clearly lowest for the 325 GHz transition. This behaviour may explain why the 325 GHz spots, as plotted in Figure 5 (purple squares), have a larger inner boundary than the other masing transitions.
Despite the large overlap of the regions in parameter space within which strong maser amplification can occur (Fig. 8) , there are few or no exact coincidences between the 321 and 325 GHz maser spots observed simultaneously. As noted previously, this may simply reflect the tendency of the exponential amplification process to accentuate small differences in opacity. 325 GHz masers, summed over <17, 17-27, and >27 km s −1 , shown in blue, green, and red. Contour levels start at 30 Jy; higher levels are at 24%, 48%, 72%, and 96% of the peak, where the peak is 2184, 1018, and 903 Jy for the red, green, and blue ranges. These levels have been chosen to emphasise the brighter emission and indicate the total extent at a uniform sensitivity limit (to 1-3% peak), omitting fine details. The cross marks VY.
